This study investigates the effect of hybridization of high-performance polyethylene (HP-PE) fibres reinforced composites with carbon fibres on the creep behaviour of the resulting hybrid composites. Interesting hybrid effects were related to a lowering of the stress level in the HP-PE fibres upon hybridization and creep, eliminating the plastic flow contribution in the HP-PE fibre.
Introduction
In previous studies it was shown that hybrid composites based on carbon and highperformance polyethylene (HP-PE) fibres offer interesting possibilities in obtaining composite materials exhibiting a good balance between structural performance and impact performance [1] [2] [3] [4] . However, since oriented HP-PE fibres are less stable with respect to long-term static loading (creep, stress-relaxation) [5, 6] , the combination of these fibres with elastic fibres such as carbon fibres, inevitably leads to hybrid composites that display also a pronounced viscoelastic character [1, [7] [8] [9] .
The objective of this study was to investigate the effect of combining viscoelastic HP-PE fibres with elastic carbon fibres on the creep behaviour of the resulting hybrid composites. This investigation includes model predictions of HP-PE fibres and hybrid composites, which have been published previously [6, 7] Materials A common epoxy system, Ciba Geigy's Araldite" (LY556IHY917IDY070) based on bisphenol A with an anhydride curing agent was used as the matrix material for this work. The fibres used in this study were a high-strength carbon fibre of Akzo Fibers (Tenax" HTA) and a high-performance polyethylene fibre from DSM High Performance Fibers BV (Dyneema' SK60).
Unidirectional (00) intermingled hybrid composites with an overall fibre volume fraction of 50% and different HP-PE/carbon ratios were prepared by the modified pultrusion process [1] . The dimensions of the tensile specimens were circular cross-sections of 1.2 mrn diameter and a total length of 315 mm. These pultruded rods were provided with adhesively bonded V-grooved aluminium tabs.
Testing
Creep experiments with loading times up to 3.10 5 seconds (-80 hours) were performed on hybrids at room temperature (23°C) on a Frank tensile tester equipped with an extensometer, Unidirectional pultruded rods (V r = 0.5) were loaded in such a manner that the average composite stress equals 375 MPa.
Results and Discussion Figure 1 shows the strain as a function of time for the plain HP-PE composite and different HP-PE/carbon hybrids incorporating 12, 29, 45 and 71 volume % of HP-PE composite. The experimental data are compared with model predictions using a previously developed unified stress-strain relation for HP-PE fibres [6] in combination with the rule of mixture and assuming power law behaviour for the epoxy [7] and linear elastic behaviour for the carbon fibre. Using a similar approach constant strain rate and vibration damping behaviour of HP-PE/aramid hybrids could be described satisfactory using power law behaviour for aramid [7] . Moreover, in this case the plastic deformation behaviour of HP-PE fibres [6] was also included in the analyses. 
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Sherby-Dom plot of creep data illustrating the absence of a plateau creep rate.
It can be observed that the creep behaviour of plain HP-PE/epoxy composite shows power law creep followed by an onset to a plateau creep rate (plastic flow). Upon hybridization the onset to a plateau creep rate, visualised by an upswing of the curves, appears to be absent, suggesting that in all hybrids the HP-PE fibre deforms within its delayed elastic region, i.e., the deformation is fully recoverable.
This strong hybrid effect can be related directly to the elimination of plastic deformation in the HP-PE fibre. This is well illustrated in a so-called Sherby-Dom plot (Figure 2) , where the logarithm of the creep rate is plotted versus the creep strain and the existence of a plateau creep rate is visualised as a horizontal line.
In Figure 2 plain HP-PE composite are compared With HP-PE/carbon hybrids. In the case of plain HP-PE composite a nearly constant strain rate is observed after about 2% creep strain. Because of the elastic character of the epoxy resin, the HP-PE/epoxy composite can not reach a true state of plastic flow. However, the early onset to a more or less constant creep rate for plain HP-PE composites illustrates once more the limitations of these materials for structural applications since early creep failure may occur. Upon hybridization with elastic carbon fibres a striking reduction in both creep strain and strain rate is observed. The absence of a plateau creep rate, in combination with the low strain rates after hybridization, will have a pronounced effect on the creep lifetime as creep failure of the hybrid will only occur at deformations of about 1.5%.
The origin of the interesting hybrid effect, i.e., the elimination of plastic flow can be explained in a two step argument.
First, the stress in the HP-PE composite will decrease upon hybridization with carbon fibres. The influence of the volume fraction carbon fibre on the initial stress in the HP-PE fibres can be calculated using:
The reduction of the initial stress is directly related to the high stiffness of the carbon fibre
(Ecarbon = 230 GPa) in comparison with that of the HP-PE fibre (E HP _ PE = 80 GPa), enabling
it to carry most of the load applied to the composite. For example in hybrids with 29 volume % of carbon composite (= 14.5 vol.% carbon fibre) the stress in the HP-PE fibres is lowered by as much as 37 %.
This reduction in initial stress has a pronounced effect on the plateau creep rate of the HP-PE fibre since the plateau creep rate is highly sensitive to stress [6] : (2) where m is approximately 4 for HP-PE fibres [6] .
In the case of our hybrid with 29 volume % of carbon fibre composite this implies a reduction of the plateau creep rate by more than a factor of six. Moreover, the existence of a critical stress in HP-PE fibres [10, 11] , i.e., a stress below which the plastic flow contribution to the total deformation is negligible, should be noted. For a comparable HP-PE fibre this critical stress level was experimentally determined to be approximately 200 MPa [11] . Below this stress the effect of stress reduction increases dramatically.
A second phenomena acting in HP-PE/carbon hybrids is illustrated schematically in Figure  3 . In the case of stress-relaxation (s-consrant), the hybrid stress follows simple rule of mixture behaviour [1] . However, a more complex stress state occurs in creep loading situations. Although in creep loading (cr=constant) the overall hybrid stress is kept constant, the increase in accumulated strain causes the stress in the (elastic) carbon composite to increase proportional with this strain. Consequently, the stress in the HP-PE fibre will decrease with accumulated strain. This effect was calculated using the computer program used for the model predictions of Figure 1 and is shown in Figure 4 . It is clear that the strong decrease in lIP-PE fibre stress with time will have a strong additional effect on depressing the plateau creep rate, since this contribution to the total creep rate is highly dependent on stress (Eq. (2». 
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Stress in lIP-PE fibre vs. time in hybrids incorporating different volume fractions lIP-PE composite.
Moreover, in the hybrids incorporating 45, 29 and 12 volume % lIP-PE composite, upon creep the stress in the lIP-PE fibre drops with accumulated creep below the critical stress value of about 200 MPa, which suggests that in this situation the plastic flow contribution becomes negligible.
This phenomenon is in accordance with experimental observations by Poursartip et al. [8, 9] . By unloading and subsequent reloading of carbonlHP-PE hybrids during the coarse of a creep test, they observed a bilinear stress-strain behaviour with a decrease in initial modulus. Back-calculation of the initial modulus of the lIP-PE fibres indicated a reduction in lIP-PE fibre modulus with time, suggesting progressive load transfer to the carbon fibre with cumulative creep of the lIP-PE fibres.
Conclusions
Hybridization with carbon fibres opens possibilities to apply HP-PE fibres in structural composites with a relatively good creep resistance. Hybridization results in a transition from predominance of the plastic flow contribution to predominance of the delayed elastic contribution. Interesting hybrid effects in creep occur as a result of eliminating the plastic deformation in HP-PE fibres by lowering their stress level. Since the plastic flow component is the most limiting factor with respect to the creep behaviour and creep lifetime of HP-PE fibres and composites, the absence of this component makes hybridization a promising technique to facilitate the use of HP-PE fibres in structural applications.
